Despite the well-established use of kainate as a model for seizure activity and temporal lobe epilepsy, most studies have been performed at doses giving rise to general limbic seizures and have mainly focused on neuronal function. Little is known about the effect of lower doses of kainate on cerebral metabolism and particularly that associated with astrocytes. We investigated astrocytic and neuronal metabolism in the cerebral cortex of adult mice after treatment with saline (controls), a subconvulsive or a mildly convulsive dose of kainate. A combination of [1,2-13 C]acetate and [1-13 C]glucose was injected and subsequent nuclear magnetic resonance spectroscopy of cortical extracts was employed to distinctively map astrocytic and neuronal metabolism. The subconvulsive dose of kainate led to an instantaneous increase in the cortical lactate content, a subsequent reduction in the amount of [4,5-13 C]glutamine and an increase in the calculated astrocytic TCA cycle activity. In contrast, the convulsive dose led to decrements in the cortical content and 13 C labeling of glutamate, glutamine, GABA, and aspartate. Evidence is provided that astrocytic metabolism is affected by a subconvulsive dose of kainate, whereas a higher dose is required to affect neuronal metabolism. The cerebral glycogen content was dose-dependently reduced by kainate supporting a role for glycogen during seizure activity.
INTRODUCTION
Seizure activity is characterized by hyperexcitability of brain tissue and is thought to arise as a consequence of disturbances in the balance of excitatory and inhibitory activity. Seizure activity may arise as a repercussion of trauma, brain tumors or infections, whereas epilepsy, which is the most prevalent seizure disorder, is defined by recurrent seizure activity evoked by an immediately unidentified cause (ILAE 1993) . Approximately 50 million people worldwide are diagnosed with epilepsy and only B50% of these are adequately treated. 1 Temporal lobe epilepsy is one of the most common forms of epilepsy and pharmacoresistance within these patients is particularly high accounting for up to 80% of patients. 2 Hence, there is a persistent need for development of anticonvulsant drugs displaying improved efficacy and reduced adverse effects and to this end, a thorough understanding of the etiology of temporal lobe epilepsy and seizure activity is required.
Kainate is a well-established pharmacological tool used to induce acute seizure activity and the subsequent neuronal damage reflects that observed in human temporal lobe epilepsy; 3 hence, kainate treatment is widely used as an animal model of mesial temporal lobe epilepsy. The convulsive effects of kainate are time and concentration dependent [3] [4] [5] and the seizure propagation reflects the etiology of temporal lobe epilepsy observed in patients, i.e., it involves an initial precipitating injury followed by a latent phase before the chronic phase characterized by spontaneous seizures ensues. 6 Metabolic changes in the cerebral cortex 24 hours after a systemic injection of a convulsive dose of kainate have been demonstrated to mainly involve the astrocyte compartment. 7 Later, alterations within both astrocytes and neurons were observed in the latent phase while the chronic phase was characterized predominantly by neuronal changes. 8, 9 However, little is known about the changes in cerebral metabolism immediately after kainate treatment, although this might provide valuable information with regard to determining the initial cause of seizure activity underlying subsequent propagation of epileptic disorders and may provide a unique diagnostic feature. An early diagnosis could potentially provide a therapeutic possibility during the latent phase, thereby preventing epileptogenesis from progressing into the chronic convulsive phase.
The classic definition of brain activity delineates the chemical communication between neurons and the origin of the synchronized neuronal hyperactivity involved in seizure activity is generally believed to rely on abnormalities intrinsic to neurons. However, the expression of a broad selection of ion channels, gap junctions, neurotransmitter transporters, and receptors enables astrocytes to respond to and modify neuronal activity and thus astrocytes are crucial partners in regulating neurotransmission. 10 Moreover, a number of enzymes that are crucial for the maintenance of cerebral energy and amino-acid homeostasis are selectively distributed in either astrocytes or neurons. 11 Thus, a vital dynamic interplay exists between neurons and astrocytes with regard to maintaining and adjusting neuronal activity. In line with this, there is an increasing amount of evidence for alterations in astrocyte metabolism being involved in the pathophysiology of epilepsy and seizure activity. 9, 12 However, whether such changes in astrocyte metabolism are the cause or the consequence of excessive neuronal activity, i.e., seizure activity, is still a matter of uncertainty.
Here we aimed to identify the cellular origin of the metabolic changes appearing in a mouse model of temporal lobe epilepsy immediately after the injection of kainate. The onset of seizure activity was investigated using a subconvulsive and a convulsive dose of kainate and brain metabolism was mapped 15 minutes after kainate treatment by injecting the mice with a combination of [1-13 C]glucose and the astrocyte-specific substrate [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate. 13 Subsequently, changes in the metabolic pathways were revealed by nuclear magnetic resonance (NMR) spectroscopic analyses of cortical tissue extracts. 
MATERIALS AND METHODS

Animals
Mice of the C57BL/6 strain were obtained from Taconic (Ry, Denmark). After delivery to the animal facilities at the Norwegian University of Science and Technology, the mice were kept under standard conditions at ambient temperature of 201C to 221C, air humidity of 50% to 60%, and a 12-hour light-dark cycle (lights on at 0700 hours). The mice were acclimatized to these conditions for at least 1 week before they were used for experiments. Within this period as well as during the experiment, the animals had free access to food and water. Mice of both genders were used for experiments at the age of 15 to 23 weeks. All protocols were approved by the Norwegian National Animal Research Authority (07/58706) and animals were treated in compliance with the European Convention (ETS 123 of 1986).
Metabolic Studies
The mice were injected intraperitoneally with a low dose (3.75 mg/kg) or a high dose (15 mg/kg) of kainate while control animals were injected with 0.9% NaCl. The mice were observed for 30 minutes post injection of kainate or saline for incidence and severity of seizures. Seizure severity was graded according to a modified Racine scale. 4, 14 Fifteen minutes after kainate injection, the mice were injected intraperitoneally with a combination of [1-13 C]glucose (543 mg/kg) and [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate (504 mg/kg) and after another 15 minutes, the brains of the mice were subjected to microwave fixation at 4 kW for 1.7 seconds (model GA5013, Gerling Applied Engineering, Modesto, CA, USA). This is the most humane euthanization method instantly inactivating proteins in the brain. The cerebral cortices were dissected out and kept at À 751C until extraction employing 0.7% perchloric acid. In order to homogenize the samples, these were exposed to ultrasound using a Vibra Cell sonicator (model VCX 750, Sonics & Materials, Newtown, CT, USA). After centrifugation of the homogenous suspensions at 3,000 g and 41C for 5 minutes, the precipitates were washed with distilled water and the centrifugation step was repeated. The precipitates were used for glycogen determination. The supernatants were pooled and pH was adjusted to 7.0±0.5 before lyophilization and NMR spectroscopic analyses.
Nuclear Magnetic Resonance Spectroscopy
The lyophilized brain tissue extracts were redissolved in 99% D 2 O containing 0.05% ethylene glycol as an internal standard and subsequently, the pH was readjusted to 7.0±0.5. The samples were transferred into 5 mm Shigemi NMR microtubes (Shigemi, Allison Park, PA, USA) and using a BRUKER DRX-600 spectrometer (BRUKER Analytik, Rheinstetten, Germany), the samples were analyzed for content of and 13 C labeling in amino acids and lactate employing 1 H and 13 C-NMR spectroscopy, respectively. A pulse angle of 901 and a spectral width with 32 K data points were employed to obtain the 1 H-NMR spectra. The acquisition time was 1.36 seconds and relaxation delay was 10 seconds. A low-power presaturation pulse at the water frequency was applied to suppress the water signal. The number of scans was 128 and the spectra were recorded at room temperature.
For proton decoupled 13 C-NMR spectra of cortical extracts, a 301 pulse angle and 30 kHz spectral width with 64 K data points were employed. An acquisition time of 1.08 seconds and a relaxation delay of 0.5 seconds were used and the number of scans needed to obtain an appropriate signal-tonoise ratio was typically 30,000. Relevant peaks in the spectra were identified and integrated using XWINNMR software (BRUKER BioSpin).
The amounts of 13 C labeling and the total amounts of metabolites were quantified by relating the integrals of the peak areas to that of ethylene glycol and correcting for brain tissue weight. Factors for the nuclear Overhauser and relaxation effects, obtained from several sets of spectra, i.e., one set obtained with decoupling, NOE, and short repetition time (the parameters used for all samples) and another set with 1 H decoupling, no NOE, and 20 seconds delay time to allow for full relaxation of the relevant peaks, were applied to all 13 C spectra. Singlets obtained in the 13 C spectrum were corrected for naturally abundant 13 C and amounts calculated from 1 H spectra were corrected for 13 C containing metabolites and number of protons. 13 C Labeling Patterns Obtained from Metabolism of [1,2-13 C]Acetate Uptake and metabolism of [1,2-13 C] acetate is confined to the astrocytic compartment 13 and 13 C labeling from acetate thus reflects astrocytic metabolism and potential subsequent interactions with neurons. [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]Acetate is in astrocytes converted to [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetyl co-enzyme A (CoA) and after entry into the TCA cycle [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]a-ketoglutarate is generated. Owing to the high activity of mitochondrial transaminases, 15 [4,5-13 C]a-ketoglutarate is in rapid equilibrium with [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate, which is a precursor for [4,5-13 C]glutamine. If [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]a-ketoglutarate remains in the astrocytic TCA cycle for further metabolism via this pathway, it will, after condensation with unlabeled acetyl CoA, give rise to [3-13 C]and [1,2-13 C]a-ketoglutarate in the subsequent turn, which may give rise to glutamate and glutamine displaying the same labeling patterns. Based on the distinct 13 C labeling in glutamine after the first and second turn of TCA cycle metabolism, a number indicative of astrocytic TCA cycle activity can be calculated by relating the amount of isotopomers generated in the second turn of TCA cycle metabolism to the amount of that generated in the first turn, i.e., ([1,2-13 C]glutamine þ [3-13 C]glutamine)/[4,5-13 C]glutamine (equation (1)).
Alternative to metabolism in successive turns of the astrocytic TCA cycle, [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine may be transferred to the neuronal compartment where [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate may be formed by the action of phosphateactivated glutaminase. In glutamatergic neurons, this [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate may be released upon depolarization. Otherwise, [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate may be converted to [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]a-ketoglutarate for further TCA cycle metabolism or may in GABAergic neurons be converted to [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]GABA. It should be noted that the largest pool of glutamate is situated in the glutamatergic neurons and the [4,5-13 C]glutamate observed in the cortical extracts likely reflects this pool, although smaller glutamate pools exist in astrocytes and GABAergic neurons. 16 
C Labeling Patterns Obtained from Metabolism of [1-C]Glucose
One molecule of [1-13 C]glucose is by way of glycolysis converted to two molecules of pyruvate; one being 13 After vesicular release of [4-13 C]glutamate, it is predominantly accumulated into astrocytes 18 and may subsequently be converted to [4-13 C] glutamine, which can be transferred to the neurons and reconverted to [4-13 C]glutamate, a process generally referred to as the glutamate-glutamine cycle. As neurons do not express the quantitatively most important anaplerotic enzyme, pyruvate carboxylase, they are highly dependent upon glutamine transfer from astrocytes to compensate for the carbon skeleton lost when neurotransmitter glutamate is taken up into astrocytes. However, the glutamate-glutamine cycle does not operate in a stoichiometric fashion in the sense that the carbon skeleton of glutamate released is the same as that of the glutamine returned to the neuron. A part of the glutamate taken up by astrocytes is metabolized via the TCA cycle and accordingly astrocytic glutamine biosynthesis and subsequent transfer to neurons is required to compensate for the neuronal loss of neurotransmitter after astrocytic uptake. 19 As [1-13 C]glucose is metabolized in both neurons and astrocytes, 13 C is incorporated into amino acids in both compartments. However, as glutamate and aspartate constitute large amino-acid pools, and the majority of these are located in neurons, the 13 C labeling in glutamate and aspartate predominantly reflects the neuronal compartment. Glutamine is an astrocytic product and it is 13 20 Thus, although glutamine biosynthesis is confined to astrocytes, 21 a substantial part of the [4-13 C]glutamine being labeled from [1-13 C]glucose is likely to reflect neuronal metabolism.
Glycogen Determination
The precipitates generated after perchloric acid extraction were used for determination of cortical glycogen content. The amount of glycosyl units in glycogen was assessed by employing a coupled enzymatic assay. Glycogen was first degraded to glucose and subsequently, the amount of NADPH was measured in the conversion of glucose-6-phosphate to 6-phosphogluconolactone as previously described. 22 Briefly, the precipitates were reconstituted in 0.1 mol/L sodium acetate (pH 4.5) containing amyloglycosidase 0.435 U/ml and agitated at 371C for 1 hour. The soluble glucose units were separated from insoluble remnants by centrifugation at 20,000 g for 10 minutes and the supernatants were transferred to a black microtiter plate. Tris buffer containing MgCl 2 (12.1 mmol/L), ATP (0.81 mmol/L), and NADP (0.16 mmol/L) was added to ensure pH optimum (7 to 8) for hexokinase and glucose-6-phosphate dehydrogenase. After measuring background fluorescence using excitation and emission wavelengths of 360 and 415 nm, respectively, the reaction was initiated by the addition of hexokinase (final concentration 1.52 U/mL) and glucose-6-phosphate dehydrogenase (final concentration 0.54 U/mL) in a Tris buffer containing bovine serum albumin. The plate was left at room temperature for 40 minutes for the reaction to proceed to completion, and subsequently, the glucose content was determined by measuring NADPH autofluorescence. Glucose in the concentration range 20 to 200 mmol/L was used as standards.
Data Analysis
Results are presented as averages ± s.e.m. Data obtained from NMR analyses are normalized at letting the control group treated with saline represent 100%. The effect of different doses of kainate on total amounts of and 13 C labeling in organic-and amino acids was tested employing oneway analysis of variance followed by least significant difference post hoc test. These parametric statistical analyses were performed employing SPSS-PASW statistics 18. Glycogen data were plotted using GraphPad Prism 5 and the statistical analysis of the slope deviating from zero was also calculated using this software. Data were taken to be significantly different when Po0.05. The data obtained from 1 H and the 13 C-NMR spectroscopy, including the calculated TCA cycle activities, have previously been published in a different context evaluating metabolism in a GAD65 knockout mouse. 23 
RESULTS
Seizure Severity After Injection of Saline and Kainate
Increasing doses of kainate were used to investigate cerebral metabolism during the onset of seizure activity in mice. A low (3.75 mg/kg) and a higher (15 mg/kg) dose of kainate were used, and the mice were observed for occurrence and severity of seizures for 30 minutes post injection, i.e., until microwave fixation. Seizure severity was graded according to a modified Racine scale. 4, 14 After injection of saline and the low dose of kainate, the mice showed no abnormal behavior. In contrast, treatment with the high dose of kainate led to head nodding and face washing within 5 minutes after injection corresponding to stage 2 seizures on a modified Racine scale 4,14 and the mice remained in this seizure stage throughout the experiment. Thus, treatment with the two doses of kainate represented a subconvulsive and a mildly convulsive dose.
Cortical Content of Metabolites
The effect of different doses of kainate on the cortical content of glutamate, glutamine, GABA, aspartate, lactate, and alanine were determined from tissue extracts using 1 H-NMR spectroscopy (Figure 1 ). Employing the subconvulsive dose of kainate, the contents of glutamate, glutamine, GABA, and aspartate were unaltered compared with control mice, whereas the contents of lactate and alanine were increased by B50%. This implies a pronounced amplification of glycolytic activity in mice treated with the subconvulsive dose of kainate. Treatment with the convulsive dose of kainate also led to a significant increase in the content of alanine of almost 50% compared with control mice while the lactate content was unaltered. A reduction of B20% was observed in the contents of glutamate, glutamine, GABA, and aspartate in mice treated with the convulsive dose of kainate compared with control mice (Figure 1) , indicating that catabolism of amino acids was necessary to sustain the cellular energy demand. 13 C Labeling in Metabolites from [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]Acetate
The astrocyte-specific substrate [1,2-13 C]acetate was employed to map astrocytic metabolism. The subconvulsive dose of kainate significantly lowered the amount of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine labeled from [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate by almost 25% (Figure 2 ). The amounts of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamate and [1,2-13 C]GABA were lowered by B15% and 30%, respectively, although these apparent decrements were not statistically significant (P ¼ 0.261 and 0.132, respectively). Treatment with the convulsive dose of kainate led to a similar reduction in the amount of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] Figure 3A ). 13 C Labeling in Metabolites Labeled from [1-13 C]Glucose [1-13 C]Glucose is taken up into both neurons and astrocytes and accordingly glucose metabolism takes place in both compartments. 24 Hence, mice were injected with [1-13 C]glucose to investigate glycolytic activity as well as TCA cycle metabolism in astrocytes and neurons. As the injected [1-13 C]glucose is dispersed in a pool of endogenous glucose, and as the amount of this may vary with kainate treatment that occurs 15 minutes before the injection of 13 C substrates, the amount and the percentage 13 C enrichment in cerebral glucose was determined. Neither the amount of glucose nor the percentage of glucose being 13 C labeled was altered by kainate injection (results not shown), and accordingly, the amount of 13 C labeling in metabolites can be compared directly without correcting for possible differences in the labeling of the precursor. In mice treated with the subconvulsive dose of kainate, the incorporation of 13 C labeling from [1-13 C]glucose into all measured metabolites was similar to that of controls ( Figure 4) . In contrast, treatment with the convulsive dose of kainate led to a reduction of B50% in the amounts of [ The neuronal TCA cycle activity calculated based on the differential 13 C labeling in glutamate after metabolism of 13 C originating from [1-13 C]glucose in successive turns of the TCA cycle showed that the subconvulsive dose of kainate did not alter neuronal TCA cycle activity, while it was decreased by B30% in mice treated with the convulsive dose of kainate ( Figure 3B ).
Glycogen Content
The glycogen content was plotted against the dose of injected kainate ( Figure 5 ), and this gave rise to a straight line (R 2 ¼ 1.000) with a slope that is statistically different from zero (P ¼ 0.0388). Hence, the glycogen content, which is exclusively located in astrocytes, appears to be concentration dependently reduced by kainate, indicating that glycogen is involved in the maintenance of cerebral energy and/or amino-acid homeostasis during seizure activity. 
DISCUSSION
Investigations of the pathophysiological mechanisms underlying seizure activity are complicated owing to the intricate network of different cell types and the interdependent substrate transfer among these. Moreover, the broad constellation of structural and functional changes in the brain of epileptic patients and animal models of epilepsy obscures the initial cause of malfunction. 9, 12 Accordingly, the origin of the excessive neuronal activity related to seizure activity remains a matter of uncertainty. In this study, we demonstrate that astrocytic metabolism is affected by a subconvulsive dose of kainate while neuronal metabolism is not. This is evident from the lower amount of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine labeled from the astrocyte-specific substrate [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate and the increased TCA cycle activity in mice treated with the subconvulsive dose of kainate compared with control animals. In contrast, incorporation of 13 C from [1-13 C]glucose into glutamate, aspartate and GABA, reflecting neuronal metabolism, was unaltered by the subconvulsive dose of kainate. Thus, although kainate is widely used as a pharmacological tool to induce neuronal depolarization and seizure activity, it appears to exert a significant effect on astrocyte metabolism even at a dose unable to affect neuronal metabolism.
Although only a small fraction of systemically injected kainate reaches the brain, 3 even the subconvulsive dose is able to alter astrocytic metabolism. In addition to the decrease in the amount of [4,5-13 C] glutamine, it appears that anaerobic glycolytic activity is augmented after treatment with the subconvulsive dose of kainate as observed by the 50% increase in the cortical content of lactate. As neuronal metabolism was not affected by this dose of kainate, the increased glycolytic metabolism is most likely an astrocytic event. Such increase in anaerobic glycolysis may be a consequence of lower oxygen availability in line with a previous study demonstrating that kainate reduced heart rate and blood flow in rats. 25 In that study, both heart rate and blood flow returned to initial values 20 minutes after injection of kainate, 25 i.e., the period of restrained oxygen availability appears to be relatively brief. This may be in line with our findings, as the extensive lactate production appears to take place before injection of [1-13 C]glucose as observed by the unaltered production of [3-13 C]lactate as response to the subconvulsive dose of kainate, indicating that glycolytic activity was normalized in the time period when the 13 C-labeled substrates were available for metabolism. However, in the period subsequent to that of enhanced anaerobic glycolysis, astrocytic metabolism continues to be altered by the subconvulsive dose of kainate. This is seen from the lower amount of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine generated from [1, [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate in combination with an augmented TCA cycle activity in astrocytes of B20%. It should be noted that the lactate produced during the initial phase of anaerobic glycolysis may originate not only from glucose but also from glycogen, as the glycogen stores are mobilized during kainate treatment. The lactate produced in the initial phase provides a large pool of an unlabeled substrate that can dilute the 13 C labeling in the astrocytic acetyl CoA pool. Thus, although TCA cycle activity is increased by the subconvulsive dose of kainate a lower amount of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine may be generated owing to the concomitant metabolism of unlabeled lactate. In agreement with this, it has previously been proposed that astrocytes consume at least as much lactate as neurons if not more. 26, 27 Despite the increase in cortical lactate content in mice injected with the subconvulsive dose of kainate, the neuronal lactate consumption seems to be unaltered, as the 13 C labeling of the pyruvate pool in neurons does not appear to be diluted by unlabeled lactate. This is observed from the sustained incorporation of 13 C from [1-13 C]glucose into glutamate, aspartate and GABA, reflecting neuronal metabolism.
Hence, it appears that the relative extent of anaerobic and aerobic metabolism in astrocytes, but not that of neurons, is altered by the subconvulsive dose of kainate. In the initial phase, there is an increase in anaerobic glycolytic activity leading to lactate production followed by a period of enhanced oxidative metabolism in astrocytes.
The fact that astrocytic metabolism appears to be distinctively affected by the subconvulsive dose of kainate indicates that the effect is mediated directly by receptors in the astrocytic membrane. In keeping with this, it has repeatedly been shown that astrocytes express a selection of glutamate receptors including kainate and AMPA receptors both of which are sensitive to kainate. 10, 28, 29 This was supported by several studies carried out in cultured astrocytes demonstrating alterations in cellular ion homeostasis after exposure to kainate including complex changes in intracellular concentrations of Na þ and H þ (see ref. 30 ) and increases in the extracellular K þ concentration likely due to increased astrocytic K þ efflux. 31 As K þ is cleared from the extracellular space predominantly by ATP-dependent exchangers in the astrocytic membrane, K þ homeostasis relies on proper energy metabolism in astrocytes. 32 The depolarizing nature of an elevated extracellular K þ concentration links increased neuronal activity to disruptions in K þ homeostasis suggesting that impairments in astrocytic metabolism may precede the neuronal hyperactivity related to seizures. It should be noted that increased neuronal activity or EEG seizures that did not lead to visible seizure activity could be present in the brains of the subconvulsive mouse model.
In contrast to the subconvulsive dose of kainate that eventually led to enhanced astrocytic TCA cycle activity, treatment with the convulsive dose lowered the calculated TCA cycle activity in astrocytes and neurons by 20% and 30%, respectively. This, in combination with a 50% reduction in the amounts of metabolites being 13 C labeled from [1-13 C]glucose metabolized via glycolysis and the TCA cycle (i.e., [4-13 C] glutamate, [4-13 C]glutamine, [2-13 C]GABA, [2-13 C]-and [3-13 C]aspartate) suggests that treatment with the convulsive dose of kainate leads to hypometabolism of glucose affecting both astrocytes and neurons. When employing this dose, reduced oxidative metabolism of glucose is not associated with enhanced anaerobic glycolysis, as observed using the subconvulsive dose, as the lactate content was not increased. Actually, hypometabolism appeared to include glycolytic activity as [3-13 C]lactate was also reduced by 50% in these mice.
We have previously suggested that kainate-induced hypometabolism is mediated by an increase in the action of GABA, specifically on extrasynaptic GABA receptors, i.e., by augmenting tonic inhibition. 23 This was based on the observation that kainate did not lead to hypometabolism in a GAD65 knockout mouse model exhibiting impairments in tonic inhibition. 23, 33 As alterations in tonic inhibition are expected to rely on changes in neuronal GABA release, a convulsive dose of kainate, which affects both neurons and astrocytes, is required to mediate an augmented tonic inhibition and the associated hypometabolism. Moreover, the effect of tonic inhibition appears to be dramatic, as it is able to override the substantial metabolic changes observed in astrocytes induced by the subconvulsive dose. Hence, our results demonstrate a broad spectrum of metabolic effects mediated by kainate, and these effects are different depending on the cell type(s) being affected, which is again dose dependent. This is in line with previous findings demonstrating a biphasic effect of kainate on GABA release, i.e., lower concentrations of kainate enhances GABA release while higher concentrations of kainate attenuate GABA release (reviewed in Lerma and Marques 5 ). The convulsive dose used in our study appears to be within the concentration range, which enhances GABA release reflected in the immobility of the animal in this seizure stage and the increased tonic inhibition leading to hypometabolism of glucose.
Hence, it appears that although the amount of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] C]glutamine is lowered to a similar extent after treatment with the two different doses of kainate, the metabolic alterations leading to this reduction seem to be distinct, i.e., relying on dilution of the 13 C labeling in the acetyl CoA pool in combination with increased TCA cycle metabolism and hypometabolism mediated by increments in tonic inhibition for the subconvulsive and convulsive dose, respectively.
While the convulsive dose of kainate leads to hypometabolism of glucose, it appears that other substrates are metabolized to maintain energy homeostasis. This is observed from the significant reduction in the cortical contents of glutamate, glutamine, GABA, and aspartate of almost 20% implying increased catabolism of amino acids in combination with attenuated amino-acid synthesis (hypometabolism) as discussed above. Utilization of aspartate and GABA for energy production is dependent upon conversion to TCA cycle intermediates by the action of aminotransferase activity concomitantly forming glutamate from a-ketoglutarate. Also, glutamine may in a reaction catalyzed by phosphate-activated glutaminase be converted to glutamate. In order to gain a net formation of TCA cycle intermediates from the amino acids, a subsequent oxidative deamination of glutamate to a-ketoglutarate by glutamate dehydrogenase is necessary. In line with this, an increased activity of glutamate dehydrogenase has been reported in the epileptogenic (sclerotic) hippocampus. 34 Alternative to glutamate dehydrogenase, alanine aminotransferase catalyzing the transfer of the amino group from glutamate to pyruvate to generate alanine and a-ketoglutarate, may be increased for short-term anaplerosis of TCA cycle intermediates. This enzyme seems to account for at least some of the conversion of glutamate to a-ketoglutarate, as the amount of alanine was increased by almost 50% after treatment with the convulsive dose of kainate compared with controls. As this increase in alanine is not reflected in the 13 C labeling of alanine, it is indicated that alanine aminotransferase activity occurs before injection of labeling. Amino-acid degradation likely precedes the enhanced alanine aminotransferase activity and therefore, the period of amino-acid degradation occurs before injection of 13 C-labeled substrates.
The reduction in the contents of GABA, glutamate, and aspartate, which are present predominantly in neurons, points to alterations in neuronal energy metabolism upon kainate treatment. However, the metabolic effect of kainate also involves the astrocytic compartment, as the cerebral glycogen content, which is localized predominantly in astrocytes, is dose-dependently reduced by kainate. This suggests that glycogen contributes to maintenance of energy homeostasis during seizure activity. Such role of glycogen has previously been suggested based on measurements of glycogen content in the brain tissue from humans with epilepsy. 35 Also, it was demonstrated that glycogen is involved in limiting the rate of propagation of spreading depression in brain slices. 36 Glycogen was suggested to be essential for maintenance of the homeostasis of extracellular depolarizing agents such as glutamate and K þ as previously demonstrated. 37, 38 Similarly, glycogen may be involved in the regulation and possibly restriction of neuronal activity when mice are injected with kainate that also involves an elevated extracellular K þ concentration. It should be noted, however, that although glycogen is confined to astrocytes, 39 it is also able to sustain energy homeostasis in neurons via conversion to lactate and transfer to the neuronal compartment for reconversion to pyruvate entering the TCA cycle for energy production. In addition, it has been demonstrated that glycogen is an important precursor for de novo synthesis of glutamate and glutamine, 40 i.e., for maintenance of cerebral amino-acid homeostasis. Accordingly, glycogen may be important as an energy substrate and/or as a precursor for amino-acid biosynthesis during seizure activity.
CONCLUSION
Altogether, this study provides evidence for astrocytic metabolism being compromised by a subconvulsive dose of kainate while a higher dose of kainate was required to affect neuronal metabolism in mice. The subconvulsive dose of kainate leads to a biphasic metabolic response in astrocytes comprising an initial phase of extensive anaerobic glycolysis leading to lactate production and a subsequent phase of enhanced TCA cycle metabolism. The convulsive dose of kainate gave rise to mild convulsions and led to general cerebral hypometabolism of glucose likely mediated by an increased tonic inhibition. Hypometabolism of glucose is accompanied by degradation of amino acids and mobilization of glycosyl units from glycogen, which serve to support energy homeostasis when glucose metabolism is attenuated. Altogether these results suggest that kainate alters cerebral metabolism by a multifaceted action, which is dose dependent.
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